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® Enzyme sensor. 

@ An enzyme sensor comprising an enzyme-modi- 
fied electrode and a counter electrode, wherein the 
enzyme-modified electrode comprises, on an elec- 
trode sut)StratB, a homogenous composition com- 
prising an electron-transfer mediator and an enzyme 
^and/or an enzyme-containing substance. The en- 
^zyme sensor is useful in analysis, such as the analy- 
sis of compounds in foods or components in the 
w living body, the diagnosis of diseases and the con- 
Qjtrol of reaction processes. The preparation of the 
enzyme-modified electrode is aiso described. 
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ENZYME SENSOR 



RELD OF THE INVENTION 

The present invention relates to an enzyme 
sensor used for measurement of several compo- 
nents in a solution. More particularly, the present 
invention relates to "Enzyme sensor, which com- 
prises both an enzyme-modified electrode and a 
counter electrode, said enzyme-modified electrode 
comprising, as electrode components, an enzyme 
and/or an enzyme-containing sut)stance and a me- 
diator," 

According to the present invention, an object 
component can be measured easily and rapidly. 
Hence, the present invention is not only useful as a 
measurement sensor in the areas of fermentation 
industry and chemical industry, but is also useful 
as a measurement sensor of several biological 
components in a sample from the living body, in 
the area of clinical tests, and can be used widely 
for diagnosis and examinations of several diseases, 
too. 



BACKGROUND OF THE INVENTION 

Enzyme sensor, in which the high specificity of 
an enzyme toward its substrate is used, is found to 
be useful for measurement of several compounds, 
and the enzyme sensor has already been practiced 
in quantitative analyses of glucose, etc. The en- 
zyme sensor now practiced, in which an enzyme 
possessing high specificity toward a substance to 
be measured is immobilized, is used for determina- 
tion of an object substance in a sample, by elec- 
trochemically detecting an amount of hydrogen 
peroxide formed, or of oxygen consumed when an 
enzyme acts on an object substance in a sample. 
Accordingly, enzymes to be employed in enzyme 
sensors of this type are restricted to oxidation 
enzymes, so-called "oxidases." which form hydro- 
gen peroxide. 

Usually, oxidases, which selectively oxidize 
substances to be measured, are separated from 
microorganisms selected tiirough screening and 
are purified for use. However, a microorganism 
which produces an object enzyme is not always 
found through the screening process, and even if It 
is found, there are many cases where ttie microor- 
ganism cannot be employed owing to enzymatic 
properties, such as substi-ate specificity, ttie 
value, and stability. In addition, because of low 
productivity by microorganisms or difficult separa- 
tion and purification, there are many cases where 
enzyme sensors do not come into practical use, 
and an enzyme sensor serving for practical use is 



only a glucose sensor under the present situation. 

Conceming oxidase, an enzyme sensor is de- 
veloped for measurement of etfianol by use of an 
alcohol oxidase originated in yeast, and its practical 
5 :use is examined in the system of using a hy- 
drogen peroxide electrode or an oxygen electrode, 
but actually, it does not bring about a commercial 
success. This is because substi^ate specificity of 
the enzyme is low and a life-time of tiie enzyme is 
TO considerably short. On tiie other hand, as enzyme 
other than the oxidases above described, tiiere are 
dehydrogenases which donate electrons occum'ng 
in tile oxidation process to prosthetic groups, such 
as PQQ, FAD. NAD. and NADP. being not always 
15 accompanied by oxygen consumption nor hydro- 
gen peroxide generation. In ttiis type of enzymes, 
tiiere are greater number of types tiian are ox- 
idases. Of flie dehydrogenases, the presence of 
enzymes suitable for sensor is also known. 
20 Accordingly, the present inventors developed a 
new enzyme sensor with a substrate specificity 
higher than, and witii a stability superior to. fhe 
sensor by means of enzyme originated in yeast in 
tile preceding publication (Japanese Patent Ap- 
25 plication Na253.850/87). The enzyme used in tiie 
sensor was an alcohol dehydrogenase having PQQ 
(pynx)loquinoline quinone) as a prosttietic group 
originated in acetic acid bacteria By tiiis Invention, 
a sensor superior to the sensor by means of an 
30 enzyme originated in yeast was developed, result- 
ing in one success. 

However, dehydrogenases otiier ttiai alcohol 
dehydrogenases have hardly been employed yet 
as a source of enzymes for tiie sensor. This is 
35 because ttie coenzymes, i.e. PQQ. FAD. NAD, and 
NADP, are of high prices, which leads to high 
analysis costs. In order to solve tfie problem, it was 
attempted, for example, to immobilize NAD and to 
regenerate for use. which does not come into prac- 
40 tical use yet. tiiough. On tiie other hand, a metiiod 
employing an artificial elecbron acceptor as a me- 
diator (an electron transport intennediate) is devel- 
oped, tiiereby preparing an enzyme sensor for a 
high specificity toward glucose, eta. as well as 
45 toward ettianol, and its practical use is examined. 
However, it is evident ttiat ttie cost is high even if 
an artificial mediator is employed, and mediators 
usually employed are usually coloring substances, 
so that the waste fluids are colored, to cause a 
50 problem of waste water treatments rf discarded as 
it Is. In addition, a high-priced mediator is wasted 
every measurement, tiiereby resulting in a furttier 
higher cost, so that tiie Improvement has been 
desired. 

It is proposed tiiat an artificial mediator in tiie 
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form of a thin film is applied to the surface of an 
electrode, which is then coated with an enzyme, 
followed by being further covered with a semiper- 
meable membrane (EP 78636B1). In other meth- 
ods, it was proposed that a mediator hardly soluble 
In water is incorporated into a electrode material 
(Agrlc. Biol. Chem.. 52, 1557. (1988), and that In 
the case of a highly water-soluble mediator, first 
the mediator is added to an electrode, then a thin 
film is made of a mixture comprising an ionic high 
molecular compound and an enzyme, so as not to 
elute the mediator into an electrolyte (Agric. Biol. 
Chem.. 52. 3187 (1988)). However, in both of the 
cases, it is troublesome to prepare the electrodes, 
and the enzyme is employed so as to fonn a thin 
film, after the incorporation of mediator. In the latter 
case, there is no examination of employment of 
dehydrogenase. 

As earlier described, conventional enzyme- 
modified electrodes have several problems; the 
preparation is troublesome; very difficult operations 
are required for mass-production of quality-con- 
trolled product in addition, their life-time for repeat- 
ing use is short and enzymes that can be utilized 
are limited. Accordingly, instead of the conventional 
troublesome process of successive covering of the 
thin membrane layer of a mediator, the thin mem- 
brane layer of enzyme, and the layer of a semiper- 
meable membrane with the surface of an electrode, 
the present inventors made an electrode material 
with a homogeneous composition from electron 
earners, such as graphite carbon pastes, which are 
usually employed as an electrode material, an en- 
zyme, and a mediator, by the addition of suitable 
vehicles like liquid paraffin, by mixing them to a 
homogeneous composition thereby the surface of 
an electrode substrate (e.g. caritx)n electrode) be- 
ing covered with the electrode material (referred to 
as an enzyme-modified eleclrode material), and by 
this considerably easy method, the present inven- 
tors established a process of the preparation of an 
enzyme-modified electrode for respective en- - 
zymes. to complete the present invention after sev- 
eral researches for the purpose of providing the 
enzyme-modified electrode-incorporated sensor ex- 
cellent in properties. 



SUMMARY OF THE INVENTION 

the present invention provides an enzyme 
sensor which comprises an enzyme-modified elec- 
trode and a counter electrode, wherein the 
enzyme-modified electrode comprises, on the, sur- 
face of an eleclrode substrate, a homogeneous 
composition comprising a mediator and an enzyme 
and/or enzyme-containing substance. The enzyme- 
modified electrode is a further aspect of the Inven- 



tion. 

The enzyme-containing substance may, for ex- 
ample, be selected from cells, a cultured medium 
containing dlsmpted cells of a microorganism pro- 
6 ducing said enzyme, and fractionation components, 
cellular extracts, cell membrane fraction and a 
crude enzyme from said disrupted microorganism 
cells. The enzyme is suitably a dehydrogenase, for 
example, alcohol dehydrogenase, aldehyde de- 

10 hydrogenase, glucose dehydrogenase, fiuctose de- 
hydrogenase, sortritol dehydrogenase, or glycerol 
dehydrogenase. 

The term mediator, as used herein, refers to a 
substance which can mediate in the transfer of 

IS electrons, such as a redox compound and/or a 
coenzyme. Suitable examples include p-ben- 
zoquinone, fen^ocene, dimethylferrocene, potassium 
ferricyanide, phenazlne methosulphate, 2,6-dlch- 
lorophenol indophenol, PQQ. FAD, NAD. and 

20 NADP. Particularly suitable combinations of en- 
zyme and mediator include the following pairs: 
aldehyde dehydrogenase and p-benzoquinone; 
fructose dehydrogenase and dimethylferrocene; 
sorbitol dehydrogenase and dimethylfen-ocene; and 

25 glycerol dehydrogenase and potassium ferricya- 
nide. 

The homogeneous composition on the elec- 
trode substrate typically includes an electron car- 
rier material such as cart)on or graphite. 

30 The present invention further provides a meth- 
od for preparing an enzyme modified-electrode 
which comprises preparing a composition by dis- 
solving a water-insoluble mediator in an organic 
solvent adding liquid paraffin thereto, followed by 

35 removing the solvent and mixing the resultant mix- 
ture witfi graphite powder and enzyme and/or an 
enzyme-containing substance, to prepare an 
enzyme-modified electrode material, and applying 
the resulting composition to the surface of an elec- 

40 trode. for example a carbon electrode. 

The enzyme-modified electrode may also be 
prepared by mixing reversed micells, into which a 
water-soluble mediator Is incorporated, with graph- 
ite powder and an enzyme and/or an enzyme- 

45 containing substance, to yield a composition which 
is then applied to the surface of an electrode, 
typically a carbon electrode. 

The enzymes-modified electorde material which 
can be used for the preparation of the enzyme- 

50 modified electrode of the invention may also be 
prepared by mixing a water-insoluble complex of a 
fenricyanide compound and a cationic surface ac- 
tive agent with liquid paraffin and then with graphite 
powder and an enzyme and/or enzyme-containing 

55 substance. 

The invention further provides apparatus for 
analysing the components in a solution, which 
comprises a reaction chamber, a constant voltage 
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power supply part, a current voltage converting 
part, and an amplifier part, said reaction chamber 
tjeing equipped with a sample injection port, an 
electrolyte inlet, a waste liquid outlet a stimng 
device, a counter electrode, and an enzyme-modi- 5 
fied electrode of the Invention. 

The present invention has provided a novel 
enzyme-modified electrode prepared by an ex- 
tremely easy method, and a novel enzyme sensor 
which comprises combining said enzyme-modified io 
electrode and a counter electrode, wherein the 
enzyme-modified electrode is fornied in the state 
of an enzyme and a mediator being unrfomily 
mixed together with other electrode components, 
and the enzyme sensor shows a little change in 76 
electrode components caused by elution of the 
mediator, etc.. as well as shows stable property, in 
repeating uses. The enzyme sensor according to 
the present invention is excellent in responsibility 
and reproductfbility of measured values, and since 20 
the present invention can employ a wide variety of 
enzymes, selection of an enzyme according to its 
substrate specificity for use makes various compo- 
nent measurements possible. In particular, there is 
a great advantage in the employment of de- 25 
hydrogenases which have hardly been employed 
as a sensor enzyme. 

According to the present invention, a mediator, 
together with enzyme, is finmly immobilized to an 
electrode, so that a mediator or enzyme of high 30 
price is not eluted, and the mediator can be used 
for long time for repeating uses and thus a great 
economical effect can be achieved. In addition, 
since colored mediators employed in many cases 
are not eluted. so that colorination of waste liquids 35 
is prevented, resulting in a significant effect, i.e., 
elimination of the problem for waste liquid treat- 
ment 

Therefore, by use of tfie present invention, a 
very small amount of a compound in foods or a 4o 
component in the living body can be measured 
rapidly and coaectly, and it can also be used in 
diagnosis of diseases, control of fermentation pro- 
cess, and control of a reaction process. 



BRIEF DESCRIPTION OF THE RGURES 

Fig. 1 shows the structure of an enzyme- 
modified electrode. 5^ 

Fig. 2A shows the structure of reaction 
chamber and l=ig. 2B shows a measuring appara- 
tus. 

Rg. 3 shows the response curve to a 10% 
ethanol solution in the case where four kinds of 55 
mediator were used. 

Rg. 4, Rg. 5. Rg. 6. Rg. 7, Rg. 8. Rg. 9, 
and Rg. 10 show one example of a calibration 



curve for measurement of etiianol. glucose, al- 
dehydes, ftuctose. sorbitol, glycerol, or sucrose, 
respectively, using ttie enzyme sensors according 
to the present invention. 

In Rgs. 1, 2A and 28. the numerals indicate as 
follows: 

I .... enzyme-modified elechrode 
2 .... graphite electrode 

3 .... conductive adhesive 
4 .... copper screw 
5 .... nut (double) 
6 .... Ag/AgCb elecb-ode 
7 .... sample injection port 
8 .... magnetic stirrer 
9 .... stirrer 

10 .... reaction chamber 

I I .... pump 

12 .... electrolyte 
13 .... waste liquid 

PS .... constant-voltage power source 

CV-A .. cun^ent-voltage conversion and amplifier 

A/D ... A/D conversion 

RE .... recorder 

CP .... computer 



DETAILED DESCRIPTION OF THE INVENTION 

Enzymes employed In the present invention 
may be any of ones if ttiey can catalyze a 
oxidation-redox reaction of substances to be mea- 
sured and can transfer electrons originated in the 
reaction. For example, dehydrogenases having 
coenzymes, such as PQQ. FAD. NAD, and NADP. 
are preferably used. 

More particularly, the following de- 
hydrogenases are preferably used; for ethanol 
measurement alcohol dehydrogenases originated 
in Acetobacler aceti IFO 3284. Gluconobacler sub- 
oxydans IFO 12528. Acetobacter altoacetigenes 
MH-24 deposited on 23rd February 1984 and given 
accession number FERM BP-49 1; for measure- 
ment of acetaldehyde. aldehyde dehydrogenases 
originated In the three bacteria above described: 
for glucose measurement glucose dehydrogenases 
originated in Gluconobacter suboxydans IFO 12528 
and Gluconobacter subcixydans IFO 3254: for fruc- 
tose measurement fructose dehydrogenase origi- 
nated In Gluconobacter indushius IFO 3260; for 
sorbitol measurement sortjitol dehydrogenase 
originated in Gluconobacter suboxydans IFO 3254: 
for glycerol measurement glycerol dehydrogenase 
originated in Gkiconobacter industi-ius IFO 3260. 

In addition, sucrose can be measured with an 
enzyme sensor having an electi-ode comprising, as 
its components, an enzyme which degrades su- 
crose to produce glucose or fmctose. such as 
invertase originated in baker's yeast or Candida 
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ulilis, together with glucose dehydrogenase or fruc- 
tose dehydrogenase. 

Among enzymes utilized In the present inven- 
tion, particularly preferable enzymes can include 
ones which are accumulated in the state of being 
bound to the cell membranes of microorganisms 
when cultured (referred to as a membrane-bound 
enzyme, hereinafter). The membrane-bound en- 
zymes are superior in stability when mixed as an 
electrode component the enzyme is hardly eluted 
when the electrode is used, good reproducible 
measured values are given, and there is also an 
advantage in that they are available wHh low prices 
as an enzyme source. 

In the present invention, enzyme-containing 
substances as well as enzymes above described 
can widely be used. The enzyme-containing sub- 
stance is suitably selected from the group consist- 
ing of fractionation components, extracts, cell- 
membrane fractions, membrane-bound enzymes, 
and cmde enzymes from said enzyme-producing 
microorganisms, said enzyme-producing microor- 
ganisms culture said disrupted microorganisms. If 
purified enzyme is desired, microorganism Is dis- 
rupted by a common method, such as sonication or 
French pressure, followed by ammonium sulfate 
fractionation or fractionation by means of several 
types of chromatography, to separate and purify an 
object enzyme. In the case of employment of a 
membrane-bound enzyme, as shown above, good 
results can be given even if the disrupted microor- 
ganism is employed without the enzyme being 
highly purified. 

The mediators used in the present Invention 
are not particulariy restricted, if they can transfer 
electrons occunring in the enzyme reaction, but 
mediators used are pretended to be selected so as 
to proceed in transfen-ing tee electrons smoothly. 
In addition, It Is also possible to employ two or 
more mediators simultaneously. Spedfically, artifi- 
cial mediators, such as p-benzoquinone. ferrocene, 
dimethylfen-ocene. potassium fenricyanide. 2,6- 
dichlorophenol indophenol, can preferably be em- 
pfoyed singly or In combination, but original en- 
zyme's prosthetic groups, such as PQQ. FAD, 
NAb. and NADP can also be employed. 

TTie electrode components utilized In the 
present invention comprises an enzyme and a me- 
diator as essential components. However, any one 
ottier than tiiese components can be employed, if it 
is an electron carrier capable of constituting the 
electrode. As such an electron canier. usually car- 
bon or graphite is preferably employed. 

The preparation of an enzyme-modified elec- 
trode comprising botti an enzyme and a mediator 
as electrode components can be carried out. e.g., 
according to tiie following method. 

For employment of a water-insoluble mediator, 



such as p-benzoquinone. ferrocene, and dimetiiyl- 
fenrocene, first the mediator is dissolved in a sol- 
vent like ether, etc. and the solution is added to a 
suitable amount of liquid paraffin and mixed well. 
5 After removing tiie solvent by a common mettiod. 
such as by use of reduced pressure, ttie remaining 
product is mixed with an enzyme and graphite 
powder. 

The adopted ratio of liquid paraffin to graphite 
10 powder to enzyme is generally (1 - 3):(0.5 - 1.5) 1. 
and a minimum enzyme activity is 0.5 to 1 unit of 
alcohol dehydrogenase activity per 1 mg of protein. 

In place of liquid paraffin, a hydrophobic or 
water-insoluble substance which is liquid at room 
75 temperature, such as hydrocartwns having 10 or 
more carit)on atoms can be used. 

For employment of a water-soluble mediator, 
such as potassium ferrlcyanide. phenazine 
metiiosulphate. and 2.6- dichlorophenol indophenol. 
20 a mediator-containing reversed micells are formed 
with a surface active agent. In order for ttie media- 
tor to be incorporated into an electrode material, 
and mixed with an enzyme and graphite powder, to 
prepare an enzyme-modified electrode material 
25 containing mediator. 

Also, in the case of potassium fenicyanlde, a 
water-insoluble complex can be prepared by mix- 
ing a cationic surface-active agent ttierewltfi. The 
resultant complex was added to liquid paraffin in a 
30 suitable ratio, well mixed, and tiien mixed witf) an 
enzyme and graphite powder, so tiiat an enzyme- 
modified electrode comprising a mediator can be 
prepared. The cationic surface-active agent which 
may be preferably used in \he step includes 
35 dimethyl di-n-octadecyl ammonium bromide, trioo- 
tyl metiiyl ammonium chloride, cetyl pyridinium 
chloride, dodecyl pyridinium chloride, tetradecyl 
dimethylbenzyl ammonium chloride, etc. 

The mixing ratio of a mediator-containing liquid 
40 paraffin or potassium fenricyanide - a cationic 
surface-active agent to graphite powder to enzyme 
is preferably employed in tiie range of (1 - 3):{0 5 - 
1.5)1. 

Any other than graphite powder, liquid paraffin. 

46 or a surface active agent can also be employed if it 
is an elertrode material capable of being mixed 
with the enzyme. 

As described above, various types of com- 
pounds, such as prostfietic groups, redox com- 

50 pounds (e.g., quinone, metiiylene blue, etc.) and 
the like can suitably be emptoyed as mediators. 

Fig. 1 shows the illustrated example of an 
enzyme-modified carbon electi-ode relating to the 
present invention. In ttie example, tiie mixture, in 

55 which graphite powder and a mediator are mixed 
well in an appropriate proportion. Is unifonmly 
mixed with an enzyme, and the resulting mixture is 
applied to the surface of an electrode, to prepare 



5 



9 



EP 0 400 918 A1 



10 



th© enzyme-modified carbon electrode. 

The amount of an enzyme electrode material to 
be applied is not particularly restricted if the elec- 
trode can respond to a substance to be measured. 
However, from a viewpoint of workat)ility, a re- 
sponse speed, and an economical factor, it is pref- 
erably applied in the range of 0.3 to 2 mg per 1 
mm^ of the electrode surface or 50 to 500 um in 
thickness. 

The electrode thus prepared is attached to an 
apparatus shown in Rg. 2. and an object substance 
in a sample solution is measured. That is. first a 
reaction chamber is set up as shown in Rg. 2A. In 
the middle of the reaction chamber, a sample 
chamber or an electrolytic cell Is made, and a 
stining equipment like magnetic stirrer, etc. is pro- 
vided therewith. The sample chamber is equipped 
with an enzyme-modified electrode (Rg. 1) and a 
counter electrode (e.g., Ag/AgCk electrode), to- 
gether with a sample Inlet, an electrolyte inlet and 
a w^ fluid drain, and thus the assembly of the 
reaction chamber is finished. Using the reaction 
chamber thus set up, measurements are carried 
out with an apparatus illustrated in Rg. 28. 

That is, an enzyme-modified carbon electrode 
llhjslraled in Rg. Is attached to the sample cham- 
ber (electrolytic cell), and the sample chamber is 
filled with electrolyte by use of a pump, to which a 
voltage is applied while a suitable counter elec- 
trode being used. Then, a sample containing a 
measured substances is Injected in an appropriate 
amount through a sample injection port The cur- 
rent value of oxidation cunent occuning by the 
reaction of a measured substance included in a 
sample with the enzyme in the enzyme-modified 
carbon electrode is recorded wrth a recorder after 
being converted to a voltage value with a current- 
voltage converting circuit, or is measured with a 
computer by sending the current to the computer 
after the A/D conversion. By comparing an ob- 
served oxidation cunent of a sample wth those of 
standard solutions of predetemnined concentra- 
tfons, a substance to be measured which the sam- 
ple contains can be determined. In this case, the 
surface area, in contact with a liquid to be mea- 
sured, of the enzyme-modified electrode according 
to the present invention may generally tie as small 
as about 3 mm^ . The measurements can be 
cam'ed out at temperatures of 10 to 40* C and In 
the rang© of pH 4 to 8. 

The present apparatus can be used as a ftow- 
injection type apparatus by continuous feeding of 
an electrolyte during measurement By using an 
apparatus of the flow-injection type, it is possible to 
extend the range of concentrations to be mear 
sured. 

The present invention is explained more detail, 
referring to the examples below. 



it is only shown in the examples below that 
precipitates obtained by ultracentrifugation of the 
disrupted cells of dehydrogenase-producing bac- 
teria are used as enzyme. However, the present 
5 invention is not restricted to the examples de- 
scribed below, and suitably purified enzyme can be 
employed, or enzyme can be selected for use, 
according to the type of a substance to be mea- 
sured. 
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EXEMPLE 1. Preparation of a ^ membrane- 
^tHJ"d alcohol dehydrogenase and a ^ 
membrane-bound aldehyde dehydrogenase'" 



A cultivated both of Acetobacter altoacetigenes 
PERM BP-491 was centrifuged and collected, and 
the obtained bacterial cells were disrupted with a 
French pressure. After the disrupted cells were 
20 subjected to ultra centrifugation (100.000 g. 60 min. 
4 C). precipitates were employed as a cell 
membrane-bound alcohol dehydrogenase and as a 
cell membrane-bound aldehyde dehydrogenase. 

25 

^MPtE 2. Preparation of a cell membrane- 
bo""d glucose dehydrogenase and a cell 
membrane-t)ound sorbitol dehydrogerSie " 

30 A cultivated broth of Gluconobacter IFO 3254 
was treated in the same manner as in Example 1 
above described, and the obtained precipitates 
were emptoyed as a membrane-bound glucose de- 
hydrogenase and a membrane-bound sorbitol de- 

3S hydrogenase. 



E^^P^E 3, Preparation of a membrane-bound 
^^o\ dehydrogenase-modifi^ caribon elecfrode 
comprising a water-insoluble mediator " 



1 g of dimethylfen-ocene was dissolved in 1 ml 
of ether. 1 ml of liquid paraffin was added and 
mixed well, and the ©ther was removed by evap- 

45 oraHon under reduced pressure. With the mixture 
were mixed graphite powder of not greater than 
250 mesh size and the enzyme prepared in Exam- 
ple 1 above described in the ratio of 3:3:1 (ratio by 
weight) and the mixture was subjected to dehydra- 

50 tion treatment for 3 hrs. under reduced pressure, to 
prepare an enzyme-modified electrode material. ' 

The electrode material prepared was applied to 
the surfece of a carbon electrode part contacting 
liquid as shown In Rg. 1 m a small amount to 

55 prepare a membrane-bound alcohol 
dehydrogenase-modified carbon electrode compris- 
ing dimethylferrocene. 

A membrane-bound alcohol dehydrogenase- 
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modified carbon electrode comprising p-ben- 
zoquinone was prepared In the same manner as 
the above-described method except that p-ben- 
zoquinone is employed. 



^MPLE 4. Preparation of a membrane-bound 
alcohol dehydrogenase-modified carbon electrode 
comprising a water-soluble mediator 

10 

To 1 ml of a-bromonapthalene was added 
0,025 g of Aerosol OT. and the mixture was dis- 
persed well. Aqueous solution of 0.1 ml of 1 M 
potassium fenicyanide was added to the resultant 
dispersion and was then subjected to sonlcation for 75 
20 min, while sometimes being shaken. The water 
remaining in the upper part was absori^ed Into a 
filter paper for removement In this manner, a- 
bromonaphthalene containing reversed mfcells into 
which potassium fenicyanide was incorporated was 20 
prepared. Separately, a-bromonaphthalene. graph- 
ite powder of not greater than 250 mesh size, and 
the enzyme prepared in Example 1 described 
above were.mixed in the ratio of 3:3:1. r©^)ectively. 
and the mixture was treated for dehydration under 25 
reduced pressure. 

To the resultant mixture was added the above 
a-bromonaphthalene containing the reversed 
micells In the ratio of 1:2 and mixed well, to pre- 
pare an enzyme-modified electrode materia). 30 

Using the electrode material thus prepared, a 
membrane-bound alcohol dehydrogenase-modlfled 
carbon electrode comprising potassium ferricya- 
nlde was prepared In the same manner as in Ex- 
ample 3 described above. 35 

A membrane-txDund alcohol dehydrogenase- 
modified cariDon electrode comprising phenazine 
methosulphate was prepared in the same rnanner 
as in the above-described method except that the 
mediator Is phenazine methosulphate In place of 4o 
potassium fenicyanide. 



EXAMPLE 5. Preparation of a membrane bound- 
glucose dehydrogenase-modified carbon electrode ^ 
comprising a water-soluble mediator ' 

Using the enzyme prepared in Example 2 de- 
scribed above, a membrane-bound glucose 
dehydrogenase-modified carit)on electrode compris- 50 
ing potassium fenicyanide was prepared in the 
same manner as In Bcample 4 described above. 



EXAMPLE 6. Measurement of ethanol concentra- 55 
tion ■ 

The enzyme-modified carbon electrpde com- 



prising the mediator prepared in Example 3 or 4 
previously described was attached to the apparatus 
shown in Rg. 2, and the reaction chamber was 
filled with an electrolyte which was prepared by 
degassing 0.1 M phosphate buffer containing 0.1 M 
KCI (pH 6.0) under reduced pressure by use of a 
pump, and a magnet in the reaction chamber was 
stinred with a stin-er. A constant voltage of +0.6 V 
was applied to a silver/silver chloride electrode as 
another electrode in the reaction chamber, and the 
current value was recorded with a recorder. The 
reaction chamber was kept at 20 * C. 

5 ul of the sample containing 10% (WA/) 
ethanol was injected from a sample injection port 
by use of a microsyringe, and the current value 
obtained under the above-described reaction con- 
ditions was measured, to obtained the response 
curve as shown in Hg. 3. 

Even if any of the mediator was employed, by 
injection of a ethanohcontaining sample, the oxida- 
tion cun-ent was increased and finally tumed con- 
stant. In a sample not containing ethanol. no oxida- 
tion current increase was observed. 

When the respective mediators were em- 
ployed, the oxidation cunrents, converted into their 
voltage values are as follows: 14 mV in case 
dimethyl feniocene was employed, 5 mV in case p- 
benzoquinone was employed. 44 mV in case po- 
tassium fenicyanide was employed. 8 mV in case 
phenazine methosulphate was employed. Using the 
enzyme electrode comprising potassium fenicya- 
nide by which the highest cun^nt value could be 
obtained, the effect of ethanol concentration was 
examined. As a result, data as shown In Rg. 4 
were obtained where the cunrent measured values 
increased in response to the ethanol concentration. 
In addition, in order to investigate the electrode 
stability, the standard deviation of the cun-ent val- 
ues obtained were 1.9% in the case where the 
same sample (ethanol concentration; 10%) was ex- 
amined successively 13 times, which showed the 
reproductibility to be considerably high. 



EXAMPLE 7. Measurement of glucose concentra- 
tion " 

The enzyme-modified carbon electrode com- 
prising tile mediator prepared in Example 5 above 
described was attached to an apparatus shown in 
Rg. 2. and under the same conditions as in Exam- 
ple e as above described, each 5 ml of a sample 
containing glucose of various concentrations was 
injected through the sample injection port by use of 
a microsyringe, and cun-ent values obtained were 
recorded with a recorder. By plotting tiie relation- 
ship between the cunrent values and the glucose 
concentrations, the result shown in Rg. 5 was 
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obtained, and the measured values Increased in 
response to the glucose concentrations in the sam- 
ples were obtained. 



^MPLE 8. Preparation of a membrane-bound 
Setose dehydrogenase and a membrane -bound 
glycerol dehydrogenase ^ 

A cultured broth of Gluconobacter industrius 
IFO 3260 was treated In the same manner as in 
Example 1 above described. The resultant 
precipitates were employed as a membrane-bound 
fructose dehydrogenase and as a membrane- 
bound glycerol dehydrogenase. 

^^^^^ £: Preparation of a membrane-bound 
aldehyde dehydrogenase-modified carbon elec- 
trode comprising a water-Insoluble mediator 

1 g of p-benzoquinone was dissolved in 1 ml of 
ether, and 1 ml of liquid paraffin was added there- 
to, followed by being mixed well, and the solvent 
was removed by evaporation under reduced pres- 
sure. To this mixture were mbced graphite powder 
not larger than 250 mesh size and the enzyme 
standard prepared in Example 1 above described 
were mixed in the ratio of 1:1:1 (ratio by weight). 
The mixture was then subjected to a dehydration 
under reduced pressure for 1 hr., to prepare an 
enzyme-modified electrode maleriaL Using the 
enzyme-modified electrode material prepared, a 
membrane-bound aldehyde dehydrogenase-modi- 
fied carbon electrode comprising p-benzoquinone 35 
was prepared in the same manner as in Example 3 
above described. 



manner as in Example 3 above described. 



^MPLE 12. Preparation of a membrane-bound 
6 glycerol dehydrogenase-modified carbon elecffode 
comprising a water-soluble mediator ' " 

Using the enzyme prepared in Example 8 
above described, a membrane-bound glycerol 
10 dehydrogenase-modified carbon electrode compris- 
ing potassium fenicyanide was prepared in the 
same manner as in Example 4 above described. 

EXAMPLE 13. Measurement of acetaldehyde and 
n-hexaldehyde concentrations " 

The enzyme modified-cart»on electrode com- 
prising the mediator prepared in Example 9 above 
20 described was fixed in an apparatus shown in Rg. 
2. and under the same measuring conditions as In 
Example 6 above described, each 10 al of samples 
containing acetaldehyde or n-hexaldehyde of var- 
ious concentrations was injected from a sample 
25 injection port by means of a microsyringe. After 
sample injection, cunrent value change for 2 min. 
was recorded with a recorder. By plotting the rela- 
tionship between the current values being constant 
after 2 min. and the concentrations of acetaldehyde 
30 or n-hexaldehyde in samples, the result shown in 
Rg. e was obtained, so that the measured values 
increased in response to the aldehyde concentra- 
tions in samples could be obtained. 



^>^PIB 14. Measurement of fructose concentra- 
tion ~ ■ 



^MPLE 10. Preparation of a membrane-bound 
fructose dehydrogenase modified ' carbon electrode 
comprising a water-insoluble mediator 

Using the enzyme prepared in Example 8 
above described, a membrane-bound fructose 
dehydrogenase-modified caribon electrode compris- 
ing dimethyl femocene was prepared in the same 
manner as In Example 3 above described. 



^^^P^ Jl Preparation of a membrane-bound 
spyb'tol dehydrogenase-modified "^rbon electrode 
comprising a water-insoluble medi^ " ~ 

Using the enzyme prepared in Example 2 
above described, a membrane-bound sorbitol 
dehydrogenase-modified caribon electrode compris- 
ing dimethyl femocene was prepared in the same 



The enzyme-modified carix)n electrode com- 
prising the mediator prepared in 10 above de- 
scribed was attached to an apparatus shown in Rg. 
2. and under the same measuring conditions as in 
Example 6 above described, each 10 ul of a sam- 
ple containing fructose of various concentrations 

45 was injected from the sample injection port by use 
of a microsyringe. Following sample injection, cur- 
rent values after 2 min. were recorded with a 
recorder. By plotting the relationship between the 
cument values and the fructose concentrations, the 

60 cunrent values comesponding to the fructose con- 
centrations in samples were measured, as shown in 
Rg.7. 



55 EXAMPLE 15. Measurement of sorbitol concentra- 
tion ' ■ " " ' — 



The enzyme-modified carixin electrode com- 
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prising the mediator prepared in Example 11 above 
descrit)ed was attached to an apparatus shown In 
Fig. 2» and measurements were carried out under 
the same measuring conditions as in Example 6 
aix)ve described. 10 ul of a sample containing 5 
sorbitol of various concentrations was injected from 
the sample injection port by use of a microsyringe. 
The change of cun^ent values was recorded with a 
recorder. By plotting values based on the current 
change for 2 min. after the injection and the sor- 10 
bitol concentrations in samples, the measured val- 
ues, as shown in Rg. 8. were con-elaled with the 
sorbitol concentrations. 



EXAMPLE 16. Measurement of glycerol concentra- 
tion ~ 

Using the enzyme-modlfled carbon electrode 
comprising the mediator prepared in Example 12 20 
above described, the relationship between ttie glyc- 
erol concentrations and the measured cunrent val- 
ues was detennined in the same manner as in 
Example 15 above described. Results show, as 
shown in Rg. 9. that the glycerol concentrations 25 
and the measured cument values were conrelaled. 



^MPLE 17. Preparation of a membrane-bound 
glucose dehydrogenase - invertase-modified car- 30 
bon electrode comprising' a water-insoluble m^ia^ 
tor ' — 

The enzyme prepared In Example 2 above 
described was mixed with Invertase (from Sigma, 35 
Ltd., baker's yeast origin, 400 units/mg) in the ratio 
of 2:1. Using the resultant enzyme mixture contain- 
ing membrane-bound glucose dehydrogenase and 
invertase. a membrane-bound glucose de- 
hydrogenase - invertase modified-caribon electrode 40 
comprising p-benzoquinone was prepared in the 
same manner as in Example 9 above described. 



EXAMPLE 18. Measuring of sucrose concentration 4s 

Using the enzyme-modified cari^on electrode 
comprising the mediator prepared in Example 17 
as above described, the relationship between the 
sucrose concentrations and the measured current so 
values was determined In the same manner as in 
Example 15 atK)ve described except that an Injec- 
tion sample amount is 5 ut. Results showed, as 
shown in Rg. 10, that the sucrose concentrations 
and the measured cunrent values were correlated. 55 



^MPLE 19. Preparation of a complex of potas- 



sium fenicyanide and a cationic surface-active 
agent ' 

100 ml of 10 mM aqueous solution of dimetfiyl 
di-n-octadecyl ammonium bromide and 10 ml of 30 
mM aqueous solution of potassium fenicyanide 
were prepared. The both solutions were combined, 
and mixed weld by stirring for 30 min. The formed 
solids were separated by centrlfugation (6,000 x g. 
10 min.) and obtained as precipitates. Tlie 
precipitates were well washed twice with water. The 
obtained precipitates were allowed to steind one 
whole day at room temperature and dried enough, 
to obtain a complex of water-insoluble potassium 
ferricyanide - dimethyl di-n-ocladecyl ammonium 
bromide (500 mg). 



EXAMPLE 20. Preparation of a cell membrane- 
alcohol dehydrogenase-niodified carbon 
electrode comprising the complex of potassium 
fenicyanide - dimethyl di-n-octadecyl ammonium 
bromide " ""^ " 

80 mg of the complex of potassium ferricya- 
nide -dimethyl di-n-octadecyl amnrKmium bromide 
prepared in Example 19 above described was 
mixed well with 1 g of liquid paraffin. To 25 mg of 
tiie mixture were added 10 mg of the enzyme 
standard prepared in 1 above described and 10 mg 
of graphite powder not larger than 250 mesh size, 
and homogeneously mixed, to prepare an enzyme- 
modrfied electrode material. A small amount of the 
electrode material prepared was applied to a part 
of tiie surface of the elect-ode shown In Rg. 1, said 
part of the surface being to come Into contact with 
a liquid. Thus, a cell membrane-bound alcohol 
dehydrogenase-modified carbon electrode compris- 
ing tiie complex of potassium fenicyanide - 
dimethyl di-n-octadecyl ammonium bromide was 
prepared. 



EXAMPLE 21. Measurement of ethanol concentra- 
tion 

Using the enzyme-modified cartoon electrode 
comprising the mediator prepared in 20 above de- 
scribed, the relationship of the ethanol concentra- 
tions in a sample and ttie measured values of 
cun-ent was detenmlned In the same manner as in 
Example 6 above described. As shown in Rg. 11. 
the ethanol concentrations and tiie measured val- 
ues of cunrent were correlated. 



EXAMPLE 22. Preparation of a ^ membrane- 
bound alcohol dehydrogenase^modified carbon 
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eiectrode comprising a complex of potassium fer- 
ricyanide - cetyl pyrtdlnium chloride and measure^ 
ment of efemol concentration 

Cetyl pyridinium chloride was used in place of 
dimethyl di-n-octadecyl ammonium bromide In Ex- 
ample 19 above described, and a complex of po- 
tassium fenicyanide - cetyl pyridinium chloride was 
obtained according to the same method as in Ex- 
ample 19 above described. Using the resultant 
complex, an enzyme-modified electrode material 
was prepared in the same manner as in 20 above 
described. A small amount of the electrode ma- 
terial prepared was applied to a part of the surface 
of the electrode shown in Rg. 1. said part of the 
surface being to come into contact with a liquid, 
whereby a cell-bound alcohol dehydrogenase- 
modifled carbon electrode comprising the complex 
of potassium fem'cyanide - cetyl pyridinium chlo- 
ride was prepared. Using the prepared enzyme- 
modified cartx>n electrode comprising the mediator* 
the relationship between the ethanol concentrations 
and the measured values of current was deter- 
mined in the same manner as in Example 6 above 
described. As shown in Rg. 12, the ethanol con- 
centrations and the measured values of current 
were correlated. 



Claims 

1. An enzyme sensor which comprises an 
enzyme-modified electrode and a counter elec- 
trode, wherein the enzyme-modified electrode 
comprises an electrode substrate and a homo- 
genous composition comprising an electron trans- 
fer mediator and an enzyme aid/or enzyme con- 
taining substance on a surface of the electrode 
substrate. 

2. A sensor according to claim 1. wherein the 
enzyme-containing substance is cells, a cultured 
medium comprising dismpted cells of an enzyme- 
producing microorganism, or a fractionation com- 
ponent, cellular extract cell membrane fraction or 
crude enzyme from such disrupted micro-organism 
cells. 

3. A sensor according to claim 1 or 2, wherein 
the enzyme is a dehydrogenase. 

4. A sensor according to claim 3. wherein the 
dehydrogenase is an alcohol dehydrogenase, al- 
dehyde dehydrogenase, glucose dehydrogenase, 
fructose dehydrogenase, sorbitol dehydrogenase or 
glycerol dehydrogenase. 

5. A sensor according to any one of claims 1 to 

4, wherein the electron transfer mediator is a redox 
compound and/or a coenzyme. 

6. A sensor according to any one of claims 1 to 

5. wherein the electron transfer mediator is p- 



benzoguinone. femocene. dimethylfen^ocene, potas- 
sium femcyanide, phenazine methosulphate, 2.6- 
dichtorophenol indophenol, PQQ, FAD. NAb or 
NADP. 

6 7. A sensor according to claim 6. wherein the 
enzyme and electron transfer mediator are, respec- 
tively: an aldehyde dehydrogenase and p-ben- 
zoguinone; fmctose dehydrogenase and dimethyl- 
fen-ocene; sorijitol dehydrogenase and dimethyl 

10 ferrocene; or glycerol dehydrogenase and potas- 
sium fenicyanide. 

8. A sensor according to any one of claims 1 to 
7. wherein the homogenous composition comprises 
caribon. 

IS 9. A sensor according to claim 8 wherein the 
carbon is in the form of graphite. 

ID. An enzyme-modified electrode as defined 
in any one of claims 1 to 9. 

11. A method of preparing an enzyme 
20 modified-electrode which comprises preparing a 

composition by dissolving a water-insoluble 
electron-transfer mediator in an organic solvent, 
adding liquid paraffin thereto. renfK)ving the organic 
solvent and mixing the resultant mixture with 
25 graphite powder and an enzyme and/or an 
enzyme-containing substance, and applying the re- 
sulting composition to the surface of an electrode. 

12. A method of preparing an enzyme^nodified 
electrode which comprises preparing a composition 

30 by mixing reversed micelles, into which a water- 
soluble electron-transfer mediator is incorporated, 
with graphite powder and an enzyme and/or an 
enzyme-containing substance, and then applying 
the resulting composition to the surface of an eleo- 

35 trode. 

13. A method of preparing an enzyme-modified 
electrode which comprises preparing a composition 
by mixing a water-insoluble complex of femcyanide 
and a cationic surface active agent with liquid par- 

40 affin and then with graphite powder and an enzyme 
and/or an enzyme-containing substance, and ttien 
applying the resulting composition to ttie surface off 
an electrode. 

14. An apparatus for analysing the components 
45 in a solution, which comprises a reaction chamber 

equipped with a sample injection port, an elec- 
trolyte inlet, a waste liquid-outlet, a stirring device, 
a counter electrode, and an enzyme-modified elec- 
trode as defined in any one of claims 1 to 9 or as 
50 produced by the metiiod as claimed in claim 11, 
15 or 13, and which further comprises a constant 
voltage power supply part, a current voltage con- 
verting part, and an amplifier part 

55 
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